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TECHNICAL REPORT R-146 

LAMINAR BOUNDARY-LAYER SEPARATION INDUCED BY FLARES ON CYLINDERS 
AT ZERO ANGLE OF ATTACK 

By DONALD M. HUEHN 

I L ( ' 2Y2 /  SUMMARY 

Laminar boundar y-layer separation induced by 
conical flares on  cylindrical bodies of revolution 
has been experimentally investigated in the Mach  
number range of 9.0 to 5.5 at Reynolds numbers, 
based on boundary-layer thickness, f r o m  1 X I O s  to 
SOXIOs. Geometric variables were nose shape, 
cylinder length, and flare angle, and test variables 
were Mach number, Reynolds number, and heat 
transfer. The purpose of the investigation was to 
determine which qf these variables most influence 
laminar boundary-layer separation o n  cylinder- 
$are conJgurations and to prowide datu that will aid 
in the prediction of laminar separation. 

The results showed that the tendency toward lami- 
nar separation decreased as Mach  number or heat 
transfer to the model was increased and as Reynolds 
number or $are angle was decreased. Cyl inder 
length and nose shape had no influence on the varia- 
t ion of Mach  number f o r  incipient separation with 
Reynolds number based upon  boundary-layer thick- 
ness. Conditions f o r  incipient separation on  blunt- 
and sharp-nosed cylinders correlated whether 
determined f r o m  properties in the free stream or at 
the model surface. 

INTRODUCTION 

It is important that the occurrence of boundary- 
layer separation be predictable since separation 
can alter heat transfer, pressure distribution, 
and the over-all forces and moments on aircraft, 
missiles, and entry vehicles. This point is (lis- 
cussed in reference 1 in which data were presented 
-for flare-stabilized bodies of revolution having 
turbulent boundary layers. As flight trajectories 
extend to higher altitudes, however, the iurninar 

boundary layer becomes more prevalent and thus 
information is also required on the occurrence of 
laminar separation. The purpose of the present 
investigat,ion is to determine some of the variables 
that are important to laminar boundary-layer 
separation on a cylinder-flare configuration and to 
provide data that will aid in the prediction of 
laminar separation. 
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NOTATION 

diameter of cylinder, in. 
distance along the model measured from 

the cylinder-flare juncture, in. (minus 
upstream, plus downstream) 

length of model or of model component, in. 
Mach number (for sharp-nosed models 

pressure, psia 
US 

Reynolds number, -2 (for sharp-nosed 1 2 V  

M,=Mw) 

models R, 6o = RWao) 

point 
approximate location of the separation 

velocity, ft/sec 
distance along model axis measured from 

distance from model normal to  the surface, 

boundary -layer thickness, in. 
flare angle, deg 
viscosity, lb sec/ft2 

kinematic viscosity, E,  ft2/sec 

density, lb sec2/ft4 

the nose-cylinder juncture, in. 

in. 

P 

1 
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SUBSCRIPTS 

cy1 
Aare 
incip incipient separation 
?U 

03 free streani 
0 

cylindrical section of the niodel 
flared portion of the model 

inviscid condition at  tlic wa11 (body sur- 
face) 

location on the c>-lindcr where the static 
pressure is first affected by the prcseiice 
of the flare 

probe quantity determined fro111 measurements 
made with the boundary-layer probe 

APPARATUS AND TEST METHODS 

TEST FACILITY 

The tests were conducted in the Atlies I- by 
3-Foot Supersonic Wind Tunnel which is a 
continuous-operntion, closed-circuit, tunnel. Tlie 
iiiiniiiiurii supersonic l l n c l i  number is about 1.2 to 
1.6 and the iiiaxilnuni is about 5.0 to 6.0, depending 
on the size of the niodcl. The niaximum range 
of free-streaiii Reynolds niinlber is approxiniat el?- 
3X105 to 9X106 per foot. 'I'he 1Iach iiuriiber 
and free-stream Reynolds number are continuously 
variable during tunnel operation. 

MODELS AND MEASUREMENTS 

The modcls used to study the occurrence of 
separation were cylintlricnl bodies of revolution 
with flared afterbodies, sting mounted u t  zero 
angle of attack. The geometric variables were 
cylinder length, nose sliap(1, and flare angle. The 
shape of both the pressure-distribution and the 
heat-transfer iiioclels and the niotlel desipititions 
are presented in figure 1. The niodel for evaluat- 
ing the influence of lieat transfer on the occurrence 
of separation WRS constructed of solid tduminuin 
and was mounted on an insulated sting. 

Longitudinal surface-pressure distributions, 
boundary-layer surveys, arid shrdowgraphs of tlie 
flow field were obtained to determine the presence 
of boundary-layer separtition. The detection of 
separation by ~iieans of boundarj--la>-er surveys 
was a tedious process, thus this method was not 
used extensively. The slitidowgraphs clenrly 
showed large regions of septlriitioll, but generdl\- 
the pressure distribution was the only satisfactory 
means for tletectirig the  presence of very sinall 
separated rcgions. )!ore will be said later on 
detection of septmttioii. The static pressures 
\\-ere measured with differential-type pressure 

LEROSAUTICS A S D  SPACE ADMISISTR.4TION 

Nose 
1 

y ~~ 

Nos(. a 
h 

sharp cone; 20' included :c~igl(, 
blunted con('; 20' included angle; nose radius = 

blunted cone; 45' incliidcd anglc; nose radius= 
nt.1 

c 
01.2 

d lieniispliere 
Presstire-distribrction model (U=1.35 in.) 

L,,.l/D= 1.0, 2.6, 1 .2  
O=5.0, T.5, 10.0 

LllsrelD = 2.5 
Soses a, b, c, d 

Hrat-transfer model (0=0.50 in.) 
L,,llD=l.o, 2.0 

e = l j ,  20 
Lfla,,tD=2.5 
roses  a, b, c, d 

Examplc designation: CC.i-1.)-2.6 

Cornpression-corncr Xow geometry 
flare, O =so 

FIGURE l.-lIodel geometry and designations. 

cells to an approxinintp accuracy of 0.004 psi. 
The shape of the pressure-distribution curves was, 
liowcrcr, determined iiiorc wcurately than indi- 
cated by this absolute error bceause n portion of 
thc 0.004 psi error \\Tils such that the measured 
pressure-distribution curve wiis displaced from 
the true curve but wis pnrallel to i t .  

Heat-transfer niotlels were used to evaluate 
qunlittitivcly tlic influence of heat flow into thc 
inodel surface. The inodel was enclosed with a 
shroud, m d  liquid nitrogen was circulated around 
the niotlel until the desired temperature was 
nttainrd. The shroud was then rernoved and a 
temperature record and shndowgraphs were ob- 
tained. Only sliatlowgraphs were used to study 
the occurrence of sepnration on the hat-transfer 
n1odels. 

Model instrumentation included static pressure 
orifices lor pressure iiictisureiiwnt and thwnio- 
couples for temperature nieasureiiient. Tlie pres- 
sure-distribution iiiodel hnd 0.0135-inch-diaiiicter 
orifices extending from 0.8 n ahead of the flare 
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Mprobe  

(a) 20' sharp conical nose; AI,=2.92; Rm/in.=2.5X 105. 
(b) 20° blunt conical nose; AI, -3.41; R,/ir1.=4.6X 105. 
(c) Hemispherical nose; M ,  = 1.90; f im/in.=2.0x 1 0 5 .  

(d) Hemispherical nose; M ,  =4.76; Rm/in.=l.OX 1 0 5 .  

FIGURE 2.-Boundary-layer thickness measurements. 

on the cylinder to near the base of the flare. The 
longitudinal spacing of orifices was 0.04 D in 
regions where large pressure gradients were ex- 
pected, and larger spacing in the region of smaller 
expected pressure gradients. The heat-transfer 
model was not instrumented for pressure meusure- 
ment, but i t  contained a thermocouple new the 
cylinder-flare juncture. 

OPTICAL EQUIPMENT 

For all test conditions, the boundary layer and 
shock patterns were observed visually and were 
recorded. A continuous operation shadowgraph 
was used to view the flow field during the tests, 
and ti spark shadowgraph with spark duration of 

about 1 microsecond was used to obtain photo- 
graphic records of the flow. The mirror and the 
light sources were arranged so that nearly parallel 
light passed through the test section. A full- 
sized image was thus observed on a ground-glass 
screen mounted near the tunnel window opposite 
the light source. The ground-glass screen was 
replaced with a Polaroid-Land film pack when 
photographs were desired. 

BOUNDARY-LAYER SURVEYS 

A probe was used to obtain pitot pressure 
surveys in the boundary layer. The tip of the 
probe had an approximately elliptical cross section 
of about 0.007 inch in height, 0.012 inch wide. 
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(a) d1,=1.91; R =7.OX1O3 
(b) M,=2.51; I? =6 .8X lW 
(c) M ,  =2.92; K =7.4X lo3 60 

60 

FIGURE 3.-Longitudinal pressure distributions used to  
detect incipient separation; CC5-a-1.0. 

and a 0.002-inch wall thickness. During a survey 
the probe was riioved perpendicular to the model 
surface and its position relative to the surface 
was indicated bj- a counter reading obtained 
from a previous calibration. The prolw tip 
could be positioned a t  any desired longitudinal 
station on the body. 

Boundary-layer profiles were obtained on all 
nose-cylinder combinations with a flare angle of 
zero, except the heat-transfer model. The bound- 
ary-layer thickness thus determined a t  stations 
on the cylinder just upstream of the initial pres- 
sure rise associated with the flare is, therefore, 
free of flare interference. Mach number profiles 
were determined from the ratio of locd static 
pressure on the model to the pitot pressure. 
The approximate boundary-layer thickness was 
determined from plots of MDrobe versus y as 
shown in figure 2. For one case, discussed in 
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I O  
-40  -2c 0 20 40 

I A  

(d) J1,=3.31; R =7.4X103 
(e) JI,=3.70; R -7.6X103 

FIGURE 3.-Concluded. 
60 

the following section, profile survcys were made 
at sweral l[ac.li nurnbers on II flared model a t  
the cylinder-flare juncture. 

METHOD OF DETECTING THE PRESENCE OF A SEPARATED 
BOUNDARY LAYER 

Longitudind pressure distributions provided 
the priiiinrj- evidence for the existence of separated 
flow. Separation of the boundary layer was 
associated with 11 hmiip in the longitudinal pres- 
sure distribution (i.e., a pressure-distributioI1 
curve with three inflection points). The first 
appearance of the huinp was, therefore, used as 
$1 criterion for identifying the conditions for 
incipient separation. This method WAS used in 
tlie tests reported in reference 1 for detecting the 
presericc of turbulent separation, and is equally 
applicable to laminar separation. Pressure dis- 
tributions are shown in figure 3 which illustrate 
the variation hi extent of separated region with 
Mach number. Incipient separation is indicated 
a t  a Mach nuiiiber between 3.3 and 3.7. 

Boundary-layer profiles supported the evidence 
that the detection of separation by longitudinal 
pressure distribution is valid. Boundary-layer 
surveys were obtained a t  the cylinder-flare 
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(b) Mm=2.51; R =6.8X103 
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(c) M,=2.92; R =7.4X103 
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0 + I  2 3 0 I 2 3 4 
Mprobe  

(d) Mm=3.31; R,,o=7.4X103 ( e )  M,=3.70;  R =7.6X103 
60 

FIGURE 4.-Mach number profiles through the boundary layer at the cylinder-flare juncture; CC5-a-1.0. 

juncture for the model and test conditions of 
figure 3. These surveys are shown in figure 4. 
The first occurrence of separation detected by 
the boundary-layer surveys agrees with that 
determined from the longitudinal pressure 
distribution. 

Shadowgraphs were used to indicate the 
presence of large separated regions only since 
this method was not sufficiently sensitive to 
detect incipient separation. The flow-field de- 

tails which were observed in the shadowgraphs 
are illustrated schematically in figure 5.  Due 
to the very low stream density many shadow- 
graphs do not show these details with sufficient 
clarity to survive reproduction in a report. A 
few selected shadowgraphs of the flow about 
various models a t  conditions for which separation 
occurred are, therefore, shown in figure 6 to 
illustrate these details. Pressure distributions 
accompany some of the shadowgraphs. 
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(I) Bow shock. 
(2) \%-eak shocks produced by gradual turning of the 

boundary layer; these shocks not vi4ble in shadow- 
graphs. 

(3) White h e ,  which represents the boundary layer, is 
the focal point of the light rays passing through the 
boundary layer (SACA Rep. 1356, 1'358). 

(4) Transition location-generally off the model. 
( 5 )  Strong shocks resulting from the coalesrencc of weak 

shocks, 2, from the separation and reattachment 
regions, respecti\ ely. 

FIGLRE .i.-Schc.matic diagram of the flow-field details obscm et1 in shadoagraphs. 

L/6 ,  

(b) CClO-C-1; M,=2.94; R,,o=4.9X103 
(a) CC10-d-1; M,=2.94; R,,o=6.6X 103 

FIGURE 6.-Typical pressure distributions and shadom- 
graphs of the flow for various model geometries. FICCRE 6.-Continued. 
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2.2 

14 

-50 -25 0 25 50 7 5  
2/6, 

( c )  CC10-a-I; dl,=4.42; R =11.:3x 103 

FIWJRE 6.-Coirtiriucd. 

P/Po 

2.0 

15 

(e) cc10-:1-4.2; .lfm=4.i,j; It' =76.7X l O 3  
m60 

60 

FIGURE 6.-Coiicluded. 

(f) CC7.5-2-2.6; ill_ =4.75; R = 15.5X l~ 

I/ so 

(d) CC10-b-1; M,=3.80;  R =lO.OXlO3 
60 

FIGURE 6.-Coiitinued. 

663S40--O3----2 

I O  ,---- - 

X/D 

(a) 20' sharp conical nose. 
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RESULTS AND DISCUSSION 

P1.essui.e tlistri1)utioiis on t lie cylititlcr-flitre 
configuratioiis result froiii nose-iittluced iiii(1 fliti.c- 
iiiduced pressures. As C ~ I I I  1)c seen by t l i e  iiose- 
induced pressures ii i  figure 7 ,  tlie pressure (list ri- 
bution oii the firirc ol' the sliortcst itiotlel ( f l a i ~  

locatccl a t  s'Il=1) \\ill be siihstitiitiiilly iiltcrctl 
by the iiifluence ol' tlie iiose. Tlie obscrrctl 
pressme distribution on the fliiro for these short 
iiiotlels will, tlierel'orc, tlcpetid 011 iiosc sltapc i i l i t l  

c>-liticlcr lengtlt :is well iis or1 l l i i ( * l i  ~ i u r i i ? ) c ~  ; t i i t 1  

Awe iiIigle. 
A I)outiclil~>- litvcr will sepiiriite ~ ' V O I I I  t l i p  surl'itc~ 

when sufficient tiiotiietit utii liiis heen ntriicte(1 
by iidverse pressure griitlietits. ];or the  turbulent 
bouiitliii-j- layers stutlietl iii ref'eiwice I ,  t I i c  ild- 
verse pressure gsrxdicnt i t t  the flaw n-iis c.oiisirltiwl 
to be tlie sipiiiliciiiit quantity respoiisilde l'or the 
owurretice ol' scpiirittion lwcttuse t Iic liirge rate  o l  
iiii\iiig assoc*iatctl n i th  i t  turl)uleiit lii~-er teiitls to 

M,=2 92 
I O  

8 

10 
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first occurrence of separation. The coriditioris 
for incipient separation deterinitied from the 
longitudit~al pressure distributions :ire sliowti in 
figures 8 arid 9. Mitcli number a t  which separa- 
tion is incipient is given 11s a function of Reynolds 
nuniber l'or vwrious nose geometries, flare iingles, 
arid cylinder lengths. Results are presented 
in terms ol Xlncli number and Reynolds number 
bused on free-stre;m vttlues iis well its on the 
inviscid values iit the  ill.^ Boundary-la yer 
sepiirtition exists for coriditioris below these 
curves. Above tlie curves the bounditry layer 
is dways iittnclied. A separated region will 
appear and grow continuously if Mac-li nuriiber 
is decreased below the limit for incipient separa- 
tion and vice versa. All diita obtnined show that 
the occurrence of separation depends on Reynolds 
number. Figures X ( i t )  tlirough S (e) stion- coiii- 
pnrisons ol' various nose gcotiietries ~ n d ,  in 
ndditioii, figures 8 (d) nritl 8 (e) show comparisons 
of three cylinder lengtlis. The influences of 
nose shape and cyliritler length evidently iwe 
effectivcly t~ccounted for in 1)ountl;iry-l:tyer Bey- 
noltfs nuiiibcr since these vni.iahles hiid ]io i t i -  

flitenc-e on the Mticli number for incipient 

I The Mach numhrr :mrl Iteynolds number at  the well for inviscid flow 
over a blunt-nosed r>liilder are considrrahly less than the Iree-stream v:ilries 
due to tlie strong, detarhed how wi\-e. These wall values are computed ns 
described i n  r c f w n c t ~  2.  
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:ip 

Mincip  

0 45" blunr cone 
LI Hemisphere 
Open symbols, M = M m ,  Rso=Rm 

Fllled symbols, M =  Mw , Rs, = Rw, 

2 

so 
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M i n c i p  

'103 2 3 4  6 8 IO4 2 3 

RSO 

fd) e=5.0; ( ~ / ~ ) , , , = 2 . 6  

FIGURE 8.-Coiitiiiued. 

Mincip 

Open symbols, M=M,, Rs 

Filled symbols, M=Mw, Rso=RWs, 

-; I , , I , , , , , , , , ,  ~ , , ,  , I 
lo3 2 3 4  6 8 IO4 2 3 

R s O  

( e )  8=5.0; (L/D),,1=4.2 

FIGURE S.-Concluded. 
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103 2 3 4  6 8 IO4 2 

%J 
R 

FIGURE 0.--Inflrir~1icc~ of flare angle 011 the conditions for 
incipirsnt 1:iniinar separation. 

! 
separation when the Reynolds number \\-as 
based on boundary-layer thickness. The influ- 
ence of flare angle can best be seen in figure 9 
which is n replot of the data in figures S(a) 
through S(c). 

Although pressure distributions could not be 
measured on the heat-transfer models to detect 
separation, shadowgraphs show qualitatively that 
heat flow to the model decreased the extent of 
separation (see fig. 10). The white line, which 
represents the boundary layer, and the separation 
and reattachment shock waves were visible in 
the original photographs, but were difficult to 
distinguish in the reproductions for the report. 
These details were, therefore, traced with dashed 
lines on the bottom half of the photogaphs for 
ease of observing the effects of heat transfer. 
The upper half of each photograph was left 
untouched. Heat transfer to the model decreased 
the extent of separation over the entire range of 
Mach number and Reynolds number. This 
trend has been predicted in references 3 through 
5 and observed experinientally in references 6 
and 7. 

The qualitative effects of geometry and test 
conditions on the occurrence of laminar separation 
are very similar to those found for turbulent 
boundary layers in reference 1. It appears that  
the only important difference between the laminar 
and turbulent boundary layers, with respect to 

the occurrence of separation, is that  n much 
smaller f l u e  angle is necessary to cause laminar 
separation than that necessary for turbulent 
separation (see fig. 11). Thus for a given inodel 
geometry, the extent of separation will be much 
larger for a laminar boundary layer than for a 
turbulent boundary layer. 

CONCLUSIONS 

The following conclusions result from the in- 
vestigation of laminar boundary-layer separation 
on a cylinder-flare body of revolution in super- 
sonic flow: 

1. The tendency of the laminar boundary layer 
to separate decreused as Mach number was in- 
creased or as Reynolds number or flare angle was 
decreased. 

2 .  The Mnch number a t  which flare-induced 
boundary-layer separation first occurred a t  a 
given Reynolds number (based upon boundary- 
layer thickness) was not affected by changing nose 
shape or cylinder length. 

3. The conditions for incipient separation for 
blunt- and sharp-nosed cylinders correlate whether 
determined from properties in the free stream or 
a t  the mall. 

4. Heat flow into the model reduced the extent 
of boundary-layer separation. 
AMES RESECRCH CENTER 

SATIOXAI.  AERONAUTICS AXD SPACE ADMINISTR.4TlON 
IIOFFETT FIELD, CALIF., June 19. 1969 
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A-616-10 (a) 

(a) CC20-a-1; Mm=4.6; Rm/in.=2.6X lo5 
(b) CC15-a-2; Mm=4.6; Rm/in.=2.3X lo5 
(c) CClSb-1;  Mm=2.9; Rm!in.=2.0X 105 

A-616-10 (6) 

Wall temperature 
Adiabatic w:tlc temperature =l. 0 Wall temperature 

Adiabatic will temperature 
0.38 

FIGVRE lO.--Influencr of heat tritiisfer on thr extent of laminar separation. 
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A- 6 16- i O b f  

A- 6 16- IO( f 1 
((1) CCI.5-a-I; dl,=3.9; Xm/in.=3.2X 1oj 

(e) CCl5-d-1; JIm=2.9;  Rm/in.=2.0X 10j 

(f)  CCI.Sc-I; Mm=3.9; Rm/in.=4.3X 10j 

\Val1 t emperatrire Wall temperatnre = 0.38 
= 1.0 Adiabatic wall temperature -4diabatic wall temperature 

FIGI-RE lO.-Co~iclnded. 
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FIGURE 11.-Conditiolis for flare-indncrd separation of laminar and turbiileiit boundary layvrs. 
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